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Traditional treatment of infectious diseases is based on compounds that aim to kiU or inhibit bacterial 
growth. A major concern with this approach is the frequently observed development of resistance to 
antiOTicrobial compounds. The discovery of bacterial-communication systems (quorum-sensing systems), 
which orchestrate important temporal events during the infection process, has afforded a novel oppor- 
tunity to ameUorate bacterial infection by means other than growth inhibition. Compounds able to over- 
ride bacterial signaling are present in nature. Herein we disciiss the known signaling mechanisms and 
potential antipathogenic drugs that specifically target quorum-sensing systems in a manner unlikely to 
pose a selective pressure for the development of resistant mutants, 
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One of the greatest accomplishments of modem medi- 
cine has been the development of antimicrobial phartna- 
ceuticals for the treatment of infectious diseases. Alexan- 
der Fleming discovered the first antibiotic, penicillin, in 
1928, and after over half a century of intense research, 
most acute bacterial infections can be treated effectively 
with antibiotics. Conventional antibiotics possess broad- 
raxige efficacy via toxic or growth-inhibitory effects on 
target organisms. However, an increased frequency of 
bacterial mutations has resulted in a significantly in- 
creasedincidence of antibiotic resistance. The horizontal 
spread of resistance genes to other bacteria of the same or 
different species has been shown to rapidly create bacte- 
rial populations with (a) an increased ability to degrade 
antibacterial compounds; (b) decreased permeability; (c) 
decreased affinity for the antibiotic; or, finally, (d) in- 
creased efflux of many different antibioti<s (1, 2). The 
increasing occurrence of multiresistant pathogenic bac- 
terial strains has gradually rendered traditional antimi- 
crobial treatment ineffective. Today, a global concern 
has emerged that we are entering a post-antibiotic era 
with a reduced capability to combat microbes, and^ 
hence, the development of novel therapeutic approach- 
es to the treatment of bacterial infections constitutes a 
focal point of modern research. The alternative to 
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antibiotic-mediated bacteria killing ot growth inhibitiorL 
is attenuation ofbacterial virulence such that the organ- 
ism fails to establish successful infection and, in conse- 
quence, is cleared by the host immune response. Com- 
pounds with such abilities are the result of rational drug 
design and are termed antipathogenic drugs as opposed 
to antibacterial drugs (i.e,, most traditional antibiotics). 
Antipathogenic drugs target key regulatory bacterial sys- 
tems that govern the expression of virulence factors. 

In recent years^ researchers have come to appreciate 
that, in nature^ most bacteria form complex surface- 
attached (sessile) communities called biofilms. Bacteria 
present within biofilms have characteristics distinct from 
those offree-swimming (planktonic) bacteria of the same 
species, including a significantly increased tolerance to 
antimicrobial therapies and the host immune response 
(3), In modem clinical microbiology, the establishment 
of bacterial biofilms is often considered a pathogenicity 
trait during chronic infections (4), Biofilm formation is 
an example of microbial community behavior. Both 
Gram-positive and Gram-negative bacteria have been 
found to coordinate this behavior through cell-to-cell 
communication mediated by small, diffusible signals. 
This phenomenon has been termed quorum sensing and 
is prevalent among both symbiotic and pathogenic bac- 
teria associated with plants and animals. Many of the 
phenotypes regulated by cell-to-cell communication are 
involved in bacterial colonization and virulence. 

Among the Gram-negative bacteria, the most well 
studied quorum-sensing system is the LuxR-LuxI 
homologous system and the cognate signal molecules: 
iS/'-acyl-homoserine lactones (AHLs) (3). This quorum- 
sensing system is widespread among Gram-negative 
genera and is involved in the regulation of many host- 
associated phenotypes, including production of viru- 
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Figure 1 

The ardietyplcsU Lux quorum sensor The AH L signal (green circles) is synthesized by the luxf gene product Luxl (the synthase). Ac a certain 
threshold concentration, the AHL signal interacts with the receptor LuxR (encoded by luxR), which binds to the promoter sequence of the 
target genes (in this case, the lux operon) and tn conjunction with the RNA polymerase promotes transcription. 



lence factors (5-7) and secondary metabolites (8). 
Emerging evidence points to the involvement of quo- 
rum sensing in biofilm formation and surface motility 
in the opportumstic pathogens Pseudomonas aempnosa 
(9), Burkholderia cepacia (10), and Aeromonas hydrophila 

(11) , These observations suggest chat quorum sensing 
serves to link biofilm formation with virulence factor 
production. Interestingly^ AHL-based cross-talk has 
been demonstrated between P. aeru^nosa and B. cepacia 

(12) and between S, Hquefadens and P. aerupnosa (13). 
The observation that quorum sensing is linked to vir- 
ulence factor production and biofilm formation sug- 
gests that many virulent Gram-negative organisms 
could potentially be rendered nonpathogenic by inhibi- 
tion of their quorum-sensing systems. Research into 
quorum sensing, and inhibition thereof, may provide a 
means of treating many common and damaging chron- 
ic infections without the use of growth-inhibitory 
agents, such as antibiotics, preservatives, and disinfec- 
tants, that unavoidably select for resistant organisms. 

AHL-mediated quorum sensing 

Quorum sensing is a generic regulatory mechanism used 
by many Gram-negative bacteria and Gram-positive bac- 
teria to perceive and respond to Victors as varied as chang- 
ing microbial poptdation density and the expression of 
specific genes. The concentration of a signal molecule 
reflects the density of bacterial cells in a defined environ- 
ment, and the perception of a threshold level of that sig- 
nal indicates that the population is "quorate," i.e., sufE- 
dendy dense to make a behavioral group-based decision. 



Quorum sensing is thought to afford pathog^c bacte^ 
ria a mechanism to minimize host immune responses by 
delaying the production of tissue-damaging virulence fac- 
tors until sufficient bacteria have amassed and are pre- 
pared to overwhelm host defense mechanisms and estab- 
lish infection. In our laborator)^, we also view quorum 
sensing as a mechanism by which bacteria expose part of 
their genetic repertoire for recognition by other organ- 
isms (prokaryotes as well as eukaryotes): a phenomenon 
referred to as cross-talk. One environment that contains 
a large number of bacteria in close proximity is the bac- 
terial biofilm. Furthermore, the dense and diffusion-lim- 
ited biofilm matrix seems to provide ideal condirions for 
accumulation of signal molecules and a protected envi- 
ronment for bacteria to induce quorum sensing-regulat- 
ed virulence factors and launch an attack on the host, 

AHL-mediated quorum-sensing systems are found in 
a large number of Gram-negative bacterial species 
belonging to the a, P, and y subclasses of proteobacte- 
ria, including bacteria in the genera Agrobacterium, 
Aeromonas^ Burkholderia^ Chromobacterium^ Citrobacter, 
Enterobacter^ Erwinia, Hafhia^ Nitrosomonas, Obesumbac- 
terium, Pantoea, Pseudomonas^ Rahnella^ ^Istonia, 
Rhodobacter, Rhizobium, Serratia^ Vibrio^ Xenorhabdus, and 
Yersinia (reviewed in ref 3). The quorum-sensing system 
consists, in brief, of a four-component circuit: an AHL 
signal molecule, a Luxl-type signal synthase, a LuxR- 
type signal receptor, and the target gene(s) (Figure 1). 
The AHL signal is synthesized at a low basal level by the 
AHL synthase. AHL signals diffuse out of the bacteria 
and into the surrounding environment. An increase in 
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Figure 2 

(a) Molecular struaures of the two cognate signal molecules produced by P. aeruginosa, BHL{[iV-butyiyl]-L-homoserine lactone), and OdDHL 
(N-[3-oxo-d6decanoyl]-L-homo5erine lactone), (b) Synthetic quorum-sensing (QS) inhibitors derived from (c) natural bromirtated fiiranone 
compounds isolated finom D, pulchm. (d) Temporal biofiim development and dispersal. Stars represent QS, 



. bacterial population density leads to an increase in 
local AHL concentration, and, at a threshold concen- 
tration, this signal interacts with a cognate receptor 
(LuxR-type response regulator) that in turn is activat- 
ed as a positive transcription factor and modulates the 
expression of quorum sensing-regulated genes. Often, 
the quorum sensor is subject to autoinduction, because 
the gene encoding the signal synthase is among the tar- 
get genes; hence, a positive feedback regulatory loop is 
created- The autoinduction allows a rapid increase in 
signal production and disseminationj which in turn 
induces a quorum sensing-controlled phenocype 
throughout the bacterial population (see Figure 1). 

Microbial biofiltns and chronic infectrons 
. Biofilms are now considered ubiquitous in the natural 
world (14)* Bacterial biofilms have been observed to be 
extremely heterogeneous, both structurally and with 
regard to the physiology of the bacterial cells within 
them. The prevailing conceptual model depicts bacter- 
ial biofilms as being made up of microcolonies, which 
serve as the basic unit of the greater biofiim structure. 
Microcolonies are hydrated structures consisting of 
bacterial cells enmeshed in a matrix of exopolymeric 
substances (EPSs). Bacteria may proliferate on the 



attachment surface, leading to microcolony expansion. 
Eventually, community growth becomes limited by 
substrate availability due to increased diffusion dis- 
tancesj and the biofiim reaches a steady state. Such 
mature biofilms often consist of "towers'' and "mush- 
rooms" of cells in an EPS matrix (Figure 2). Interstitial 
voids and channels separate the biofiim structures and 
facilitate a convective flow in order to transport nutri- 
ents to interior parts of the biofiim and remove waste 
products. The biofiim mode of growth has been shown 
to facilitate bacterial survival in a variety of environ- 
mental stresses, including antibiotics and disinfectants 
(4, 15). Biofilms have become evident in many, if not 
most, environmental, industrial, and medical bacteria- 
related problems. A recent public announcement from 
the NIH stated that more than 60% of all microbial 
infections involve biofilms (1). 

Quorum sensing as a target 
for antimicrobial therapy 

Given the many bacteria that employ quorum sensing in 
the control of virulence, quorum sensing constitutes a 
novel target for directed drug design (16). While AHL- 
mediated quorum-sensing systems are employed by 
Gram-negative bacteria, many Gram-positive bacteria. 
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including BaciUus sHbtilis, Streptococcus prymmoniae^ and 
Staphylococcus <mwtis^ use small peptides or modified pep- 
tides for signaling. Autoinducer 2 (AI-Z), a signaling mol- 
ecule common to many diverse bacteria, has recendy been 
described (17). Genome sequencing revealed the presence 
of /*oc5 homologs (encoding the AI-2 signal synthase) in 
many pathogens, including Escherichia coli, Helicobacter^ 
Neisseria^ Porphyromonas^ Proteus , Salmonella, Enterococcus 
faecalis. Streptococcus pyogenes, and 5. aureus (18). In some 
bacteria, AI-2 signaling is required for virulence (19), but 
in other bacteria, it does not appear essential for bacteri- 
al virulence (20), Recently, Winzer and colleagues sug- 
gested thatj in most bacteria, AI-2 is simply a metabolic 
by-product and, therefore, doubtful as a drug target (2 1), 

Quorum sensing-inhibitory compounds might con- 
stitute a new generation of antimicrobial agents with 
appUcations in many fields, including medicine 
(human and veterinary), agriculture, and aquaculture, 
and the associated commercial interests are substan- 
tial. Indeed, in recent years a number of biotechnology 
companies that aim specifically at developing anti- 
quorum-sensing and anti-biofilm drugs have emerged 
(QSI Pharma A/S, Lyngby, Denmark; Microbia, Cam- 
bridge, Massachusetts, USA; Quorex Pharmaceuticals 
Inc.j Carlsbad, California, USA; and 4SC AG, Martins- 
ricd, Germany). Several strategies aitning at the inter- 
ruption of bacterial quorum-sensing circuits are possi- 
ble, including (a) inhibition of AHL signal generation, 
(b) inhibition of AHL signal dissemination, and (c) 
: inhibition of AHL signal reception- 
Inhibition of AHL signal generation 
The vast majority of bacteria that produce AHL signals 
encode one or more genes homologous to luxIo£Vibrio 
fischeri (see Figure 1). Expression of these genes in het- 
erologous host backgrounds has demonstrated that 
the Luxl-type protein is required and sufficient for pro- 
duction of AHL signals. The catalysis of AHL synthesis 
has been studied in vitro for three Luxl family mem- 
bers. The reaction involves a sequentially ordered reac- 
tion mechanism that uses S-adenosyl methionine 
(SAM) as the amino donor for generation of the 
homoserine lactone ring moiety, and an appropriately 
charged acyl carrier protein (ACP) as the precursor for 
the acyl side chain of the AHL signal (22). 

Knowledge about signal generation can be exploited 
to develop quorum-sensing inhibitor molecules that 
target AHL signal generation. Various analogs of SAM, 
such as S-adenosylhomocysteine, S-adenosylcysteine, 
and sineflingin, have been demonstrated to be potent 
inhibitors of AHL synthesis catalyzed by the P. aeru^- 
nosa Rhll protein (22), The reaction chemistry of AHL 
synthase with SAM appears to be unique, even though 
SAM is a necessary and common intermediate in many 
prokaryotic and eukaryotic pathways. This raises the 
hope that SAM analogs could be used as specific 
inhibitors of quorum-sensing signal generation, with- 
out affecting eukaryotic enzymes that use SAM as a 
substrate. Some recent reports have demonstrated that 



certain macroHde antibiotics are capable of repressing 
P. aeru^nosa AHL synthesis when applied at submini- 
mal growth-inhibitory concentrations (23, 24), Ery- 
thromycin has been reported to suppress production 
of P. aem^nosa hemagglutinins, protease^ hemolysin, 
and AHL signals (25). Macrolide antibiotics are gener- 
ally recognized as inhibitors of protein synthesis at the 
ribosomal leveL It remains unclear how these antibi- 
otics interfere with quorum-sensing circuits. It is also 
unclear how resistance to these antibiotics affects their 
quorum sensing-modulatory properties. 

Inhibition of AHL signal dissemination 

Bacterial ceil-to-cell communication can be inhibited 
by a decrease in the active signal-molecule concentra- 
tion in the environment. AHL decay might be a conse- 
quence of a nonenzymaric reaction; e,g,, AHL signals 
are subject to alkaline hydrolysis at high pH values (26). 
Some bacteria have been reported to specifically 
degrade AHL signals (27, 28). Dong et al. (27) found a 
Bacillus species that produced an enzyme, termed AiiA, 
that catalyzed the hydrolysis of AHL molecules. Expres- 
sion of the aiiA gene in the plant psLthogenEruHniacaro- 
tovora resulted in reduced release of AHL signals, 
decreased extracellular pectolytic enzyme activity, and 
attenuated soft rot disease symptoms in all plants test- 
ed (27). Moreover^ transgenic plants expressing AiiA 
have been shown to be significantly less susceptible to 
infection by K carotovora (29). In another study, a Varir 
ot^mx paradoxus strain able to grow using S-oxo-CStW- 
homoserine lactone as the sole energy and nitrogen 
source was isolated from a soil sample (28). In our own 
laboratory, we have conducted similar screenings and 
found that bacteria able to degrade or metabolize AHL 
molecules can be isolated from envirormiental samples 
at a high frequency (M. Givskov et al., unpublished 
observations). The ecological signiHcance of such AHL- 




Figure 3 

Furanone-treated R aeru^nosa biofilms are less tolerant to 
tobramycin. Scanning confocal laser photomicrographs of P. aerugi- 
nosa PA01 biofilms grown in the absence (a) or the presence (b) of 
1 0 p,M C-30, After 3 days, the bioftlms were exposed to 1 00 jxg/ml 
tobramycin for 24 hours. Bacterial viability was assayed by staining 
using the LIVE/DEAD StfcLight Bacterial Viability Kit (Molecular 
Probes Inc., Eugene, Oregon, USA). Red areas are dead bacteria; 
green areas are live bacteria. 
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degrading bacteria is not clear, but AHL-degrading 
enzymes are of great clinical interest for use in the pre- 
vention of diseases caused by quorum sensing-profi- 
cient bacterial populations. 

Inhfbttion of AHL signal reception 

Blocking of quorum-sensing signal transduction can 
be achieved by an antagonist molecule capable of com- 
peting or interfering with the native AHL signal for 
binding to the LuxR-type receptor. Competitive 
inhibitors woixld conceivably be structuFaily similar to 
the native AHL signal^ in order to bind ro and occupy 
the AHL-binding site but fail to activate the LtixR-type 
receptor. Noncompetitive inhibitors may show little or 
no structural similarity to AHL signals, as these mole- 
cules bind to different sites on the receptor protein* 

Several reports describe the in vitro application of AHL 
analogs to achieve inhibition of the quorum-sensing cir- 
cuits of various bacteria (30-34), These studies have gen- 
erated substatLtial knowledge about the structure-func- 
tion relationships of AHL signals, which is of great value 
for the continued search for potent quorum-sensing 
inhibitors. The acyl side chain has been modified in sev- 
eral ways, and it has been shown that the length is crucial 
to activity .(35, 36), In one study of quorum sensing in 
E. cOKOtouora^ it was reported that increasing the length of 
the acyl side chain by one methylene unit reduced activi- 
ty by 5d%y whereas a two-unit extension reduced activity 
by 90%, Decreasing the chain length by one methylene 
unit decreased activity to 10% (35). Interestingly, AHL 
analogs with alonger side chain than the native AHL gert- 
erally appear to be more efficient inhibitors than AHL 
analogs \^th a shorter side chain. This observation might 
suggest that a minimum acyl side chain length deter- 
mined by the native AHL signal is required for binding to 
LuxR homologs and that longer acyl chains can be 
accommodated in the AHL-binding site of LuxR-type 
receptors. The flexibility of the acyl side chain also 
appears to be important for binding to LuxR-type pro- 
teins. For instance, reduction of the chain rotation by 
introduction of an unsaturated bond dose to the amide 
linkage almost completely abolishes binding to the recep- 
tor (31 J 34, 35). In accordance with this suggestion, no 
natiu-al AHL signal has ever been reported to contain a 
2j3 unsaturated bond. A study investigating the P. aerug- 
inosa LasR receptor suggested that the fully extended 
chain geometry is necessary for activation, whereas con- 
strained analogs locked into different conformations 
showed no activity (37). The substitution at the p-posi- 
tion is important for the agonistic activity of AHLs, but 
there is no dear rule regarding the importance of this 
substitution to the maintenance of antagonistic activity. 

The homoserine lactone moiety is generally very sen- 
sitive to modifications, and the chirality is crucial to 
biological activity. Natural AHL signals are L-isomers, 
whereas D-isomers are generally devoid of biological 
activity (35). The acyl side chain appears essential for 
activity, as exemplified in E. carotovora, in which the 
xmsubsdtuted homoserine lactone ring fails to activate 



the quorum-sensing system (35). Conversion of the 
homoserine lactone ring to a homoserine lactame ring 
results in a molecule without agonistic or antagonistic 
properties (30, 35). Interestingly, a change of the 
homoserine lactone structure to a homoserine thiolac- 
tone ring appears permissible in several quorum-sens- 
ing systems (30, 31, 35). A recent study showed that 
LasR and RhlR proteins responded differently to 
changes in the homoserine lactone moiety (38). This 
may indicate that the two P, aemg^nosa AHL receptors 
differ significandy in their AHL-binding sites. 

Quorum-^sensing inhibitors expressed 
by higher organisms 

A number of reports describe the ability of higher organ- 
isms to interfere with AHL-mediated quorum sensing. 
The best-characterized example is that of the Australian 
macroalga Delisea pulchm, described below. Recently, 
another example of eukaryotic interference with AHL- 
mediated signaling was provided by Teplitski et al. (39), 
who showed that several plants secrete substances that 
mimic bacterial AHL signal activities and affect quorum 
sensing-regulated behaviors in associated bacteria. Exu- 
dates from pea {Pisum sativum) were demonstrated to 
contain several separable activities that either stimulat- 
ed or inhibited bacterial AHL-dependent phenotypes 

(39) . Many plants and fimgi have coevolved and estab- 
lished carefully regulated symbiotic associations with 
bacteria Interestingly, many plant-associated proteobac- 
teria possess AHL-mediated quorum-sensing systems 

(40) , Importantly, both plants and fungi are devoid of 
the active immune systems that are observed in mam- 
mals; rather, they rely on chemical defense systems to 
deal with bacteria in the environment. For these reasons, 
it might be expected that plants and fungi have evolved 
to produce chemical compoxinds to inhibit (or in otiier 
cases to stimtdate) bacterial AHL-mediated communi- 
cation. We have conducted screenings of plants (includ- 
ing some used in traditional herbal medicine) and fun- 
gal extracts for AHL-inhibitory activity (M. Givskov et al., 
unpublished results). A surprisingly large number of 
extracts contained quorum sensing-inhibitory activities. 
Not surprisingly, we found AHL-producing bacteria 
(which secrete hydrolytic exoenzymes) associated with 
these plants and their roots. We believe that the interplay 
of signals and signal inhibitors enables a stable coexis- 
tence of the eukaryotic host and the bacteria as long as 
the plant or root produces suffident inhibitor to block 
the quorum-sensing systems of the colonizing organ- 
isms. Currendy, work is in progress to characterize and 
isolate the pure compounds responsible for this quorum 
sensing-inhibitory activity. 

Inhibition of quorum sensing by halograiated 
furanone compounds 

The ability of bacteria to form biofilms is a major chal- 
lenge for living organisms at risk of infection, such as 
humans^ animals, and marine eukaryotes (41, 42). 
Marine plants are, in the absence of an advanced 
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immune system, prone to disease {43, 44). Bacteria can 
be highly detrimental to marine algaje and other eukary- 
otes (42), The Australian red macroalga D. pulchra pro- 
duces a range of halogenaced furanone compounds (45) 
that display antifbuling and antimicrobial properties 
(46-48), This particular alga originally attracted the 
attenrion of marine biologists because it was devoid of 
surface colonization, i.e,, biofoulingj unlike other plants 
in the same environmenc Biofbuling is primarily caused 
by marine invertebrates and plants^ but bacterial 
biofilms are believed to be the first colonizers of sub- 
merged surfaces, providing an initial conditioning 
biofilm to which other marine organisms may attach 
(49). Therefore, the abundance and composition of the 
bacterial community on the surface wiU significantly 
affect the subsequent development of a macrofouling 
commimity (50, 51). Consequently, eukaryotes have 
developed chemical defense mechanisms {47, 52, 53) 
that, in several cases, include secondary metabolites that 
inhibit phenotypes relevant to bacterial colonization 
(54-56), Such secondary metabolites — fliranones — are 
produced by the marine algaD. puldnra (54, 57, 58). 

D. pulchra furanone compoimds consist in general of 
a furan ring structure with a substituted acyl chain at 
the C-3 position and a bromine substitution at the C-4 
position (see Figure 2), The substitution at the C-5 
position may vary in terms of side chain structure. The 
natural furanone is halogenated at various positions by 
brominCj iodide, or chloride (45). D. pulchra produces at 
. least 30 different species of halogenated furanone com- 
pounds, which are stored in specialized vesicles and are 
released at tiie stirface of the thallus at a concentration 
ranging from 1 to 100 ng/cm^. Field experiments have 
demonstrated that the surface concentration of fura- 
nones is inversely correlated to the degree of coloniza- 
tion by marine bacteria (55). 

Givskov et al. (58) hypothesizejd that furanones of 
pulchra constitute a specific means of eukaryotic 
interference with bacterial signaling processes. An 
important discovery was the furanone-mediated dis- 
placement of radiolabeled AHL molecules from LuxR 
(59). This suggests that furanone compounds compete 
with the cognate AHL signal for the LuxR receptor site. 
Extensive experimental evidence in support of this 
model has accumulated during recent years. This 
includes the observations that furanones (a) repress 
AHL-dependent expression of VI fischeri biolumines- 
cence (59); (b) inhibit AHL-controlled virulence factor 
production and pathogenesis in P. aerupnosa (60, 61); 
(c) inhibit quorum sensing-controlled luminescence 
and virulence of the black tiger prawn pathogen Vibrio 
harv&yi (62), and, finally, (d) inhibit quorum 
sensing-controlled virulence of£. carotopora (63). 

The natural furanone compounds have little or no 
effect on the quorum-sensing systems of K aeru^nosa. 
In collaboration with Staffan Kjelleberg's research 
group, we embarked on the process of drug develop- 
ment to find more potent quorum-sensing inhibitors. 
The natural furanone compounds were modified by 



chemical synthesis and screened for increased efficacy. 
Some derivatives of the D, ptddmt fliranone compounds 
were shown to repress quorum sensing in P. aempnosa 
and reduce virulence factor expression (60, 61). Because 
synthetic compounds, which function well against 
planktonic cells, might be less efficient against biofilm 
bacteria, the efficacy of these quotum-sensing inhibitor 
compounds against bacterial biofilms was assayed. By 
means of AHL monitors built on the P. aem-^nosa quo- 
rum sensors and the lasB-gfp target gene, the efficacy of 
these compounds was measured via GPP expression. 
The use of the GFP-based single-cell technology in com- 
bination with scaiming confocal laser microscopy 
allowed estimation of furanone penetration and half- 
life and enabled us to identify synthetic compounds 
that not only inhibited the quorum sensors in the 
majority of the cells hue also led to the fortnarion of flat, 
undifferentiated biofilms that eventually detached (60). 
It is notable that the synthetic furanones, in concentra- 
tions that significantly lower quorum sensing-con- 
trolled gene expression in planktonic cells, were equal- 
ly active agaitist biofilm bacteria, despite the profoundly 
different modes of growth. In contrast, classical antibi- 
otics used to treat P. aeru^nosa infections, e.g., tobramycin 
and piperacillin, are required at concentrations 100- to 
1,000-fold higher in order to kill biofilm bacteria than 
in order to kill their planktonic counterparts. In addi- 
tion, we observed that furanone-treated biofilms were 
more susceptible to killing by tobramycin than their 
imtreated counterparts (61) (Figure 3), 

In a recently published report, we used DNA array tech- 
nology to demonstrate that furanone compoimds specif- 
ically repress expression of quorum sensing-controlled 
genes in P. aeruginosa (61), Microarray analysis of wild- 
type P aeruginosa PAOl showed that expression of 93 
genes (1.7% of the P. aeruginosa genome) was affected by 
die addition of the fiiranone compound C-30, Overall, 85 
genes (1.5%) were repressed and eight genes (0.1%) weret. 
activated in response to C-30. Genes encoding multidrug 
efflux pumps and transportets were predominant among 
the induced genes. The furanone-repressed genes indudr 
ed many previously known as quomm sensing-regulat- 
ed genes, including numerous P. aeru^nosa virulence 
tor genes such as lasB (encoding elastase), lasA {encodkig 
LasA protease), rhlAB operon (regulating rhamnoUpid 
production),^AzA-G operon (encoding phena zi ne biosyn- 
thesis), hcnABC operon (regulating hydrogen cyanide pro- 
duction), and cfe'C (encoding chitinase). To determine 
whether the remaining furanone-repressed genes were in 
fact controlled by quorum sensing, parallel mapping of 
the quorum-sensing regulon was performed using a lasl 
rhll double mutant grown with or without AHL signals. 
A comparative analysis showed that 80% of the furanone- 
repressed genes are indeed controlled by quorum sensing. 
Furthermore, furanone-repressed genes are not restrict- 
ed to quorum sensing-regulated genes controlled by one 
of the two P aeruginosa quorum-sensing circuits but may 
be controlled by either or both of the circuits (61). 
Microarray anal)reis demonstrated that expression of the 
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laslflasR and rhll/rhlRgene clusters, which encode die cen- 
tral components of the P. aet^^nosa quonim-sensing sys- 
tem, was not notably affected by furanone treatment. 
This observation suggests that the furanone does not 
interfere with some of the regulatory systems controlling 
transcription of the lasRI and r/j/RT genes, but rather that 
the furanone acts on these quorum-sensing regulators at 
the post-transcriptionalleveL Several genes involved in 
the biosynthesis of the Pseudomonas quinolone signal 
(PQS), including thephnAB operon and pqsH (64), were 
also repressed by the fhranone compound. Pseudotnoms 
quinolone signaling has been demonstrated, in concert 
with the AHL-based quorum-sensing systems, to be 
involved in the reguladon of virulence factor production, 
in particular phenazine, pyocyanin, and hydrogen 
cyanide, and in autolysis of P. aem^nosa colonies (65). 

A recent study has pointed at PQS signaling as an 
important regulatory function involved in P. aeruginosa 
adaptation and persistence in the cystic fibrotic lung 
environment (66)* A pulmonary mouse infection 
model was used to study the effect of furanone com- 
pounds on the persistence of P. aeru^nosa in chronic 
infections. Groups of mice infected with P. aeru^nosa 
received subcutaneous furanone injections for 3 days, 
and this treatment was found to significantly reduce 
the bacteriiaJ load compared with that of the control 
group (67)ivFurthermorej the efficiency of bacterial 
clearing was positively correlated to the concentration 
of the furanone compound. The concentration used (as 
calculated by the whole-body concentration) was equal 
to or less than the concentrations required to inhibit 
expression of virulence factors in planktonic cultures 
and promote sloughing of in vitro biofdms. 

Discussion 

The purpose of research in this field has been to provide 
evidence that there are alternatives to the traditional 
mode of fighting bacterial infection. It is possible, from 
nature's own rich collection of chemical compounds, to 
generate powerfiil antipathogenic drugs that do not, per 
se, inhibit growth but instead interfere directly with 
microbial activity. The key to this concept is bacterial cell- 
to-cell communication. Knowledge of the molecular 
mechanisms underlying these signaling systems and their 
control of virulence, biofilm formation, and pathogenic- 
ity brings a completely new perspective to the potential 
control of microbial ajctivicy. Current halogenated flira- 
nones are too reactive, and therefore presumably too 
tcodc, for the treatment of bacterial infections in humans. 
However, their proven ability to control P aeru^nosa 
infections in animal models is of considerable impor- 
tance, since it demonstrates that quorum sensing is a use- 
ful and promising drug target in vivo. On the other hand, 
several obvious disadvantages are associated with AHL- 
based quorum-sensing antagonists. First, each antago- 
nist has a narrow spectrum, and, therefore, specific 
antagonists have to be developed for each organism tar- 
geted. This might, however, prove advantageous in some 
scenarios. For instance, it would theoretically be possible 



to attenuate a single, pathogenic organism living in a 
mixed population of normal bacterial flora by a specific 
inhibitor while leaving the rest of the bacterial popula- 
tion unaffected. Second, the therapeutic use of AHL- 
based antagonists is complicated by the &ct that some 
AHL signal molecules function as virulence factors per se, 
as they possess immunomodulatory activities and affect 
muscle tissue as well as tracheal gland cells. 

The ability to control P. aeru^nosa with antipatho- 
genic drugs holds great promise that a whole range of 
opportunistic, pathogenic bacteria can be controlled by 
similar pharmaceuticals. P. aeruginosa is an attractive 
model organism for such studies, partly because of the 
recent development of suitable cDNA microarray tech- 
nology by Affymetrix Inc. (Santa Clara^ California, 
USA). We have used this technique to demonstrate the 
target specificity of certain first-generation antipatho- 
genic drugs (61), We envision that this approach will be 
used in many primary research and pharmaceutical lab- 
oratories in the future quest for drugs that target spe- 
cific cellular components or interactions. Given the 
large number of bacteria that employ quorum-sensing 
communication systems, chemical attenuation of 
unwanted bacterial activities rather than bactericidal 
or bacteriostatic strategies may find application in 
many different fields, e.g., in medicine, agriculture, and 
food technology. This new concept is highly attractive 
because it is unlikely to pose a selective pressure for the 
development of resistance. The present approach is 
therefore generic in nature and highly promising for 
defense against bacterial biofilms encountered in many 
infectious diseases, on medical implants, and in many 
industrial facilities and water pipelines. 
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In the past decade» interest in engineer- 
ing new strains of bacteria that are opti- 
mized to carry out processes of medical, 
agricultural, or industrial importance has 
exploded* This body of research, sometimes 
refenred to as "synthetic biology", draws on 
decades of fundamental studies about the 
molecular biology of bacteria and seeks to 
exploit this knowledge to fine-tune existing 
types of bacterial physiology or to create 
whole new types of physiology. An excellent 
example of iJiis research was recently 
published in Nature Bhtechnology that 
described the isolation of a mutation In the 
quorum-sensing regulator LuxR of Vibrio ps- 
cherL The mutation blocks the detection of 
the native chemical signal of U flschen but 
allows detection of a new signal that is not 
detected by the wild-type protein (2). This 
study will have applications in bacterial 
engineering and will provide Insight about 
bacterial genetics, the detection of environ- 
mental signals, stmctural biology, and 
protein evolution. 

Many types of bacteria communicate via 
the release and detection of diffusible chem- 
ical signals. These chemicals, which can be 
thought of as bacterial pheromones, stimu- 
late diverse behaviors, including biolumi- 
nescence; the horizontal transfer of DNA; 
the fiomriatlon of bioRlms; and the produc- 
tion of pathogenetic factors, antibiotics, and 
other secondary metabolites (2). Gram-posi- 
tive bacteria typically communicate by using 
oligopeptide signals that are detected by 
two-component phosphorelay proteins (5), 
whereas proteobacteria generally signal via 
acyl-homoserine lactones (AHLs). Additional 
classes of bacterial pheromones have also 

www.acschemlcalbloiogy^org 



been described G^. In addition to using 

species-specific signals, some groups of 
bacteria appearto employ a universal signal 
(a bacterial Esperanto) to communicate 
intergenerically (5). 

V. pschen\s a bio luminescent marine 
bacterium that symbiotically colonizes 
various species of fish and invertebrates, 
which in turn exploit bacterial luminescence 
for a variety of purposes [5). A protein called 
Luxl synthesizes 3-oxo-hexanoyl-L-homo- 
serine lactone (OHHL), an AHL-type signal 
molecule {6), and a protein called LuxR is 
the signal sensor and a signal-dependent 
transcriptional activator of the luciferase 
operon (7, 8). As a population of V. fi'scheri 
cells grows, the concentration of OHHL 
increases as a function of ceil-population 
density. When the concentration of OHHL 
reaches the mlcromolar range, its passive 
efflux from the cells becomes balanced by a 
passive influx; therefore. Its intracellular 
concentration increases enough to bind to 
LuxR. LuxR-OHHL complexes bind lucif- 
erase promoters and activate their transcrip- 
tion (Figure 1, panel a). 

Intercellular signaling is thought to allow 
an estimation of population densities, a 
phenomenon sometimes refen-ed to as 
quoRim sensing (9). Certain bacterial behav- 
iors are appropriate only If carried out simul- 
taneously by large numbers of bacterial celts 
(a quorum). Bacteria are thought to use the 
concentration of these chemical signals as 
an indication of population density. How- 
ever, this view of si^aling is somewhat 
facile and teleologicaL One author sug- 
gested that these molecules might be 
released by a single bacterium to detect and 
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Figure 1. Communication In K ffschen\ eO Population-density-dependent expression of the 
tuciferase operon of V. fIscherL Luxl protdns synthesize OHHL, wiircii diffuses freely across the 
cell envelope. A combination of high cell density and a difFiisron barrier causes these 
pheromones to accumulate and to bind to the LuxR transcrlptron factor; this activates 
transcription of the luciferase operon, and biolumlnescence results, b) Two-step evolution of a 
UixR variant with altered AHL specificity. In the first step, a mutant was isolated that has a 
broadened specificity for AHLs; it detected both OHHL and decanoyl-HSL (as well as several 
other AHLs). in the second step, a mutant was isolated that detects the latter AHL but not the 
former. 



measure diffusron barriers {10). According 
to this idea, these sfgnal nriolecules can 
accumulate only If their diffusion fs limited, 
and the bacterium might use this informa- 
tion, for example, to release hydro lytic 
enzymes or a matrix needed for biofiim for- 
mation. Both ideas are probably equally 
valid, because population density and diffu- 
sion barriers should both contribute to the 
accumulation of these signals. Equally plau- 
sible is that bacteria might require a quorum 
to effectively send and receive chemical 
signals; however, the goal of signaling may 
not be to measure the quorum but rather to 
coordinate the behavior of its members 
{11). in short, we should not pretend to 
understand the "why" of these bacterial sig- 
naling systems. 

The study in Nature Biotechnology begins 
with a triple mutant in LuxR (referred to as 
G2E) that has the mutations T33A, S116A. 



and iVll35l; this shows a relaxed speclficfty 
of AHL signal molecules (22). Whereas the 
native LuxR detects primarily OHHU the G2E 
protein can detect a wide variety of similar 
signals. In the present study, Collins and 
coworkers started with the G2E mutation 
and used a clever sequential positive and 
negative selection for mutants that can 
detect decanoyl-homoserine lactone (HSL) 
but not OHHL TTiey constructed a Piuxt- 
chioramphenfcol acetyl transferase (cot) 
fusion to select for function in the presence 
of decanoyl-HSL. Expression of this fusion 
causes chloramphenicol resistance and was 
used to select for LuxR function in the pres- 
ence of decanoyl-HSL Colonies were 
pooled, and their DNA was extracted and 
introduced into a strain containing a Plux-bit 
fusion, where bit inhibits the activity of 
p-lactamase. Expression of Bit in the pres- 
ence of OHHL was counterselected on a 



medium that contained ampiclllin, TTie sur- 
viving mutants all shared the same alter- 
ation, an arginine at position 67 in place of 
the wild-lype methionine (M67R). It is 
unlikely that this mutation could readily 
have been Isolated without this novel two- 
step selection. This LuxR variant can detect 
several AHLs with unsubstituted acyl groups 
but does not detect AHLs with 3-oxo substi- 
tutions. 

Of the three alterations in mutant G2E, 
IV1135A is particularly interesting. Residue 
Ml 3 5 lies at the same position as Serl26 of 
the TraR protein of Agrobacterium tumefa- 
ciens. The structure of TraR has been solved 
by X-ray crystallography {13). Serl26 of TraR 
Ires close to Thrl29, which makes a water- 
mediated hydrogen bond to the 3-oxo group 
of 3-oxo-octanoylhomoserine lactone (OOHL) 
(13). LuxR has a serine at position 137, 
which could play a similar rote, and if so, the 
IV1135A mutant could destabilize this bond, 
thereby decreasing specificity for the 3-oxo 
group. Similarly, Met67 lies at the same 
position as Gln5S of the TraR, The p-carbon 
of Gln58 contacts the terminal carbon of the 
acyl chain of OOHL This suggests that the 
p-carbon of Met67 of LuxR might hinder the 
binding of AHLs with acyl chains that are 
greater than six carbons, whereas the muta- 
tion IV167R somehow relieves this block. This 
interpretation is consistent with the way the 
mutation was isolated (selection for detec- 
tion of a long-chain unsubstituted AHU and 
selection against detection of a short-chain 
3-oxo-substitLJted AHL), How this mutation 
blocks the detection of the 3-oxo substitu- 
tion is therefore puzzling. Perhaps future 
studies will solve this riddle. 

As pointed out in the study, the isolation 
of the double mutant of LuxR may mimic the 
stepwise accumulation of mutations in 
nature. Several studies have shown that the 
first step in protein evolution often involves 
the acquisition of "promiscuous functions" 
that retain but broaden the ancestral func- 
tions {14), Later steps in evolution cause the 
protein to acquire "respeclalized" proper- 
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ties. The original triple mutant caused the 
protein to detect a wide variety of AHLs, 
whereas the second mutation (iVI67R) 
restricted the detection of AHLs. Of course, 
the natural evolution of a new LuxR/Luxl- 
type regulatory system requires that both 
proteins coevoive such that the AHL syn- 
thase always makes a signal that the AHL 
receptor can detect One AHL synthase and 
one AHL receptor were subjected to site- 
directed mutagenesis to create variants with 
new signal specificities. ATI 40A mutant of 
Esaf [a Luxl homologue) preferentially syn- 
thesizes an unsubstituted AHL rather than a 
3-0X0 substituted AHL (15), Similarly, a 
T129A orT129V mutant of TraR detected 
unsubstituted AHLs with the same affinity 
as 3-0X0 AHLs (t6). Curiously, overproduc- 
tion of either protem also reduces Its AHL 
specificity. Overproduction of AHl syn- 
thases is thought to deplete the cell of the 
favored acyl-carrier protein substrate, and 
the enzyme then uses less favored ones 
{!/). Overproduction of several AHL recep- 
tors dramatically broadens their substrate 
specificities, though the reason for this is 
not clear 

The creation of a new signal specificity 
will have interesting and unforeseen appli- 
cations in synthetic biology. In previous 
studies, geneticists have separated signal 
synthesis and detection in two different bac- 
terial strains, so that one strain detects a 
signal sent by another. The current study will 
enable reciprocal signaling, such that one 
strain releases a signal that is detected by a 
second strain, which then synthesizes a 
second signal that is detected only by the 
first strain. Reciprocal signaling could be 
useful in constructing oscillating circuits 
through negative feedback or could control 
the timing of sequential steps fn the biosyn- 
thesis of a complex phannaceuticaL Creat- 
ing similar systems with three or more 
signals should be possible. In addition to 
the constniction of new variants of LuxR, 
many natural LuxR homologues have been 
discovered that detect diverse AHLs and 



bind different DNA sequences. Researchers 
should be able to mix and match the 
binding domains of AHL and DNA of the 
various LuxR homologues to constmct pro- 
teins that bind to new DNA sequences that 
are chosen by the intelligent bacterial 
designer. 
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QUORUM SENSING 

Quorum-sensing bacteria produce and release 
chemical signal molecules termed autoinduc- 
ers whose external concentration increases 
as a function of increasing cell-population 
density. Bacteria detect the accumulation of 
a minimal threshold stimulatory concentra- 
tion of these autoinducers and alter gene ex- 
pression, and therefore behavior, in response. 
Using these signal-response systems, bac- 
teria synchronize particular behaviors on a 
population-wide scale and thus function as 
multicellular organisms. Here, we describe 
some well-characterized quorum-sensing sys- 
tems with the aim of illustrating their sim- 
ilarities and differences- We presume sim- 
ilarities in these systems exist because the 
ability to communicate is fundamental to bac- 
teria. Differences in the systems likely exist 
because each system has been optimized to 
promote survival in the specialized niche in 
which a particular species of bacteria resides- 
Thus, the types of signals, receptors, mecha- 
nisms of signal transduction^ and target out- 
puts of each quorum-sensing system reflect 
the unique biology carried out by a particular 
bacterial species. 



Quorum Sensing^ in Gram-Negative 

Bacteria 

The first described quorum-sensing system 
is that of the bioluminescent marine bac- 
terium Vibrio fischeri, and it is considered 
the paradigm for quorum sensing in most 
gram-negative bacteria (Nealson & Hastings 
1979). K fischeri colonizes the light organ 
of the Hawaiian squid Eupryinna scolopes. In 
this organ, the bacteria grow to high cell 
density and induce the expression of genes 
required for bioluminescence. The squid 
uses the Hght provided by the bacteria for 
counterillumination to mask its shadow and 
avoid predation (Visick et ah 2000). The 
bacteria benefit because the light organ is 
rich in nutrients and allows proliferation 
in numbers unachievable in seawater. Two 
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Figure 1 



Quorum sensing in 
Vibrio fischeri; a 
LuxIR signaling 
circuit. Red triangles 
indicate the 
autoinducer that is 
produced by Luxl. 
OM, outer 
membrane; IM, 
inner membrane. 
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proteinSj Luxl and LuxR, control expres- 
sion of the luciferase operon {hixlCDABE) 
required for light production (Figtire 1). 
Luxl is the autoinducer synthase, which 
produces the acyl-homoserine lactone (AHL) 
autoinducer 30C6-homoserine lactone 
(Figure 2a and Eberhard et al. 1981, 
Engebrecht & Silverman 1984), and LuxR is 
the cjtoplasTnic autoinducer receptor/DNA- 
binding transcriptional activator (Engebrecht 
et ah 1983). Following production, the AHL 
freely diffuses in and out of the cell and 
increases in concentration with increasing 
cell density (Kaplan & Greenberg 1985). 
When the signal reaches a critical, tiireshold 
concentration, it is bound by LuxR and this 
complex activates transcription of the operon 
encoding luciferase (Stevens et aL 1994). 
Importantiy, the LuxR-AHL complex also in- 
duces expression of hixl because it is encoded 
in the luciferase operon. This regulatory 
configuration floods the environment witii 



the signal. This creates a positive feedback 
loop that causes the entire population to 
switch into "quorum-sensing mode" and 
produce light. 

A large number of odier gram-negative 
proteobacteria possess LuxIR-type pro- 
teins and communicate with AHL signals 
(Manefield & Turner 2002), These systems 
are used predominantly for intraspecies 
communication as extreme specificity exists 
between the LuxR proteins and their cog- 
nate AHL signals. Luxl-type proteins link 
and lactonize the methionine moiety from 
LS-adenosylmethionine (SAM) to particular 
fatty acyl chains carried on acyl-acyl carrier 
proteins (More et ai. 1996, Parsek et al. 
1999). A diverse set of fatty acyl side chains 
of varying length, backbone saturation, and 
side-chain substitutions are incorporated into 
AHL signals; these differences are crucial 
for signahng specificity (Figure 2a and 
Fuqua 1999). Structural studies of Luxl-type 
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proteins indicate tliat each possesses an acyl- 
binding pocket that precisely fits a particular 
side-chain moiety (Goiild et al. 2004, Watson 
et aL 2002). This structural feature apparently 
confers speciBcity in signal production- Thus, 
each Lux! protein produces the correct signal 
molecule with high fidelity. There are some 
Luxl-type proteins that produce multiple 



AHLs, although it is not clear if all are 
biologically relevant (Marketon et aL 2002). 
The structures of LuxR proteins suggest 
that LuxR proteins also possess specific acyl- 
binding pockets that allow each LuxR to bind 
and be activated only by its cognate signal 
(Vannini et aL 2002, Zhang et aL 2002b). 
Hence, it appears that in mixed-species 
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enviromnents in which muldpk AHL signals 
are present, each species can distin^sh, 
measure, and respond only to die buildup of 
its own signal. Importantly, bacteria rarely 
rely exclusively on one LuxIR qnorum- 
sensing system. Rather, bacteria use one or 
more LuxIR systems, often in conjunction 
with other types of quorum-sensing circuits. 

Mechanisms must exist to prevent pre- 
mature activation of LuxIR-type quorum- 
sensing circuits because both the signal and 
the detector are synthesized and interactin the 
cytoplasm (Figure 1). One such mechanism, 
evidenced by the LuxR homologue TraR in 
the plant pathogen Agrobacterium UiTnefaciens, 
is the stability of LuxR- type proteins increases 
upon AI binding. In the absence of autoin- 
ducer, TraR has a half-life of a few minutes. 
However, in the presence of AHL, the half- 
life of TraR increases to over 30 minutes (2hu 
& Winans 1999). The crystal structure of 
TraR predicts that AHL binding is required 
for folding of die nascent polypeptide (Zhang 
et al. 2002b), and indeed radiolabeled TraR 
was stabilized only when its cognate AHL 
was added prior to labeling of the protein 
{Zhu i& \^^nans 2001). Hence^ only when 
AHL acciuxiulates to a significant concentra- 
tion (both outside and inside the cell) can 
TraR bind it, fold, and initiate the quorum- 
sensing cascade . Another mechanism that pre- 
vents "short-circuiting" of LuxIR systems is 
active export of AHL signals (Pearson et al. 
1999)* When a significant concentration of 
signal has accumulated, which is indicative of 
high ceil density, diffusion into the celt over- 
whelms export and thus engages the circuit, 
AHLs with long aq^I side chains are thought 
to require active export to transverse the bac- 
terial membrane (Pearson et al. 1999), 

Quorum Sensing in Grain -Positive 
Bacteria 

Gram-positive bacteria communicate using 
modified oligopeptides as signals and "two- 
component"-type membrane-bound sensor 
histidine kinases as receptors. Signaling is 



mediated by a phosphorylation cascade that 
influences the activity of a DNA-binding tran- 
scriptional regulatory protein termed a re- 
sponse regulator. Similar to the mechanisms 
by which gram-negative bacteria use LuxER 
quorum-sensing systems, each gram-positive 
bacterium uses a signal different from that 
used by other bacteria and the cognate re- 
ceptors are exquisitely sensitive to the sig- 
nals' structures. Thus, as in LuxIR systems, 
peptide quorum-sensing circuits are under- 
stood to confer intraspecies communication. 
Peptide signals are not diffusible across the 
membrane, hence signal release is mediated 
by dedicated oligopeptide exporters. In most 
caseSj concomitant with signal release is signal 
processing and modification. While the bio- 
chemistry underlying these events is poorly 
defined^ it is known that most peptide 
quorum-sensing signals are cleaved from 
larger precursor peptides, which dien are 
modified to contain lactone and thiolac- 
tone rings, lanthionines, and isoprenyl groups 
(Ansaldi et al. 2002, Booth et aL 1996, 
Mayville et al. 1999, Nakayama et al. 2001). 
Many gram-positive bacteria communicate 
with multiple peptides in combination with 
other types of quorum-sensing signals. 

A foscinating example of peptide quorum 
sensing exists in Staphylococcus aureus^ which 
is normally a benign human commensal but 
becomes a deadly pathogen upon penetra- 
tion into host tissues (reviewed in Tenover & 
Gaynes 2000), S. aureus uses a biphasic strat- 
egy to cause disease: At low cell density, the 
bacteria express protein factors that promote 
attachment and colonization, whereas at high 
cell density, the bacteria repress these traits 
and initiate secretion of toxins and proteases 
that are presumably required for dissemina- 
tion (reviewed in Lyon & Novick 2004), This 
switch in gene expression programs is reg- 
ulated by the Agr quorum-sensing sj^stem 
(Figure 3). The system consists of an autoin- 
dudng peptide of Staphylococci auretts (AIP) 
(Figure 2b) encoded by agrD (Ji et al. 1995) 
and a two-component sensor kinase-response 
regulator pair, AgrC and AgrA^ respectively 
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(Novick et al, 1995). The AgrB protein ex- 
ports and adds the thiolactone ring modifi- 
cation to S. auretis AIPs (Saenz et al. 2000). 
Binding of the AIP to AgrC leads to phos- 
phorylation of AgrA. Phospho-AgrA induces 
the expression of a regulatory RNA termed 
RNAin, which represses expression of cell- 
adhesion factors while inducing expression of 
secreted factors (Novick et al. 1 993), Activated 
AgrA also induces expression of the agf-BDCA. 
This results in increased AIP levels, which en- 
sures that the entire population switches from 
the low-cell-density to the high-celi-density 
state (Novick et aL 1995). 

S, azi?-e7is strains are classified on the ba- 
sis of the sequence of their thiolactone- 
containing AIP. At present, four different AIPs 
(Figure 2b and Dufour et al. 2002), and thus 
four different groups of S". aureus, are known. 
Surprisingly, each AIP specifically activates its 
cognate AgrC receptor but inhibits activation 
of all others by competitive binding to the 
non-cognate receptors (Lyon et al. 2002b)- 
Thus, each AIP inhibits activation of the vir- 
ulence cascade in the other three groups of 
S. aureus while not affecting the other groups* 
growth- Coinfiection witii two different S, au- 



reus groups results in intraspecies competi- 
tion; the 5. aureus group that first establishes 
its quorum-sensing cascade outcompetes the 
other group. Consistent with this idea, puri- 
fied AIP n attenuates virulence of a Group I 
S. aureus in a mouse infection model (Ma5?ville 
et al. 1999). Thus, in S. aurezis, quorum sens- 
ing allows dissemination of closely related 
progeny while inhibiting the spread of non- 
kin. Clinical analyses show that each S. au- 
reus group is the primary causative agent of 
a specific type of 5". aureus disease. This sug- 
gests that cell-cell communication has been 
instnmiental in establishing a specific niche 
for each '^strain" (Novick 2003). The codiver- 
gence of the signal-receptor pairs occurring 
in these bacteria may be one molecular mech- 
anism underlying the evolution of new bacte- 
rial species, 

Streptomycetes are a diverse family of 
gram-positive soil-dwelling bacteria that are 
of cHnical relevance because they are a ma- 
jor biological reservoir of secondary metabo- 
lites, many of which are used as antibi- 
otics (reviewed in Chater & Horinouchi 
2003). Streptomycetes use y-butyrolactones 
(Figure 2c) as autoinducers and control 
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morphological differentiation and secondary 
metabolite production via quorum sensing. 
Their signals are intriguing because they 
are structurally related to AHL autoinduc- 
ers. However, there has riot yet been any re- 
port describing either cross-coinmnnication 
between or cross-inhibition of streptomycetes 
and Gram-negative bacteria that communi- 
cate with AHLs- 

QUORUMSENSEVG NEl^^ORK 
ARCHITECltXRE 

Identification of the chemical signals, recep- 
tors, target genes, and mechanisms of signal 
transduction involved in quorum sensing is 
leading to a comprehensive understanding of 
cell-cell communication in bacteria. This re- 
search is providing insight into the variety of 
molecular arrangements that enable commu- 
nication between cells as well as the unique 
characteristics that the various signaling ar- 
chitectures provide in terms of inforrnation 
dissemination, detection, relay, and response. 
Below we highhght a few quorum-sensing 
systems and discuss how each particular net- 
work arrangement leads to distinct signaling 
features. 

Parallel Quorum-Sensing Circuits 

Tlie first observation that bacteria could com- 
municate with multiple quonun-sensing sig- 
nals was in the quorum-sensing system of the 
Gram-negative, bioluminescent marine bac- 
terium Vibrio harveyi (Figure 4). The K bar- 
vsyi quorum-sensing system consists of three 
autoinducers and three cognate receptors 
functioning in parallel to channel informa- 
tion into a shared regulatory pathway. Sim- 
ilar to other Gram-negative bacteria, V har- 
veyi produces an AHL signal termed HAI-1 
(3 OHC4-homoserine lactone; Figure 2a and 
Cao & Meighen 1989). Its synthase, LuxM, 
shares no homology to Luxl-type enzymes 
but catalyzes the identical biochemical re- 
action to generate a specific AHL (Bassler 
et aL 1993, Hanzelka et al. 1999). HAI-1 
binds to a membrane-bound sensor histi- 
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|:(^^gnate"f3?ejigk^!^:vr 
(Hadenetall999T ^^l: ^ ^ ' ^^^"^^^ 

dine kinase (LusN) similar to sensors in 
Gram-positive quorum-sensing signaling cir- 
cuits (Bassler et ah 1993, Freeman et al, 2000), 
The second V. harveyi signaJ is a furanosyl 
borate diester known as AI-2 (Figure 2d 
and Bassler et ah 1994a, Chen et al. 2002), 
production of which requires the LuxS en- 
zyme (Surette et ah 1999, Xavier & Bassler 
2003). AI-2 is bound in the periplasm by die 
protein LujdP; the LuxP--AI-2 complex inter- 
acts with anodier membrane-bound sensor 
histidine kinase, LuxQ (Bassler et al, 1994a). 
The third V. harveyi signal, an unidentified 
molecule termed CAI-1, is produced by the 
CqsA enzyme, and again, this signal interacts 
with a membrane-bound sensor histidine ki- 
nase, CqsS (Henke & Bassler 2004b). 

At low cell density, in the absence of ap- 
preciable amounts of autoinducers, the three 
sensors — ^Lu3cN, LuxQ, and CqsA — ^act as 
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Vih-io harveyi produces and responds to three distinct aiuoinducers. The sensory information is fed into 
a shared two-component response regulatory pathway. The arrows indicate the direction of phosphate 
flow in the low-cell-density state. CAl-1, HAI-1, and AI-2 are respectively represented by green circles, 
red triangles, and blue double pentagons. OM, outer membrane; IM, inner membrane. 
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kinases, autophosphorylate, and subsequently 
transfer the phosphate to the cytoplasmic 
protein LuxU (Figure 4). LnxU passes the 
phosphate to the DNA- binding response reg- 
ulator protein LuxO (Bassler et aL 1994b, 
Freeman & Bassler 1999a,b, Freeman et al. 
2000). Phospho-LuxO, in conjunction with 
a transcription factor termed a^^^ activates 
transcription of the genes encoding five reg- 
ulatory small RNAs (sRNAs) termed Qrrl- 
5 (for Quorum Regulatory RNA) (Lilley & 
Bassler 2000, Lenz et al. 2004). The Qrr 
sRNAs interact with an RNA chaperone 
termed Tifq, which is a member of the Sm 
family of eukaryotic RNA chaperones in- 



volved in mRNA splicing (Carrington & 
Ambros 2003). The sRISfAs, together with 
Hfq, bind to and destabilize the mRNA en- 
coding the transcriptional activator termed 
LuxR (not similar to LuxR of Vfiscberi) (Lenz 
et al, 2004). LuxR is required to activate 
transcription of the luciferase operon hi^CD- 
^^^(Swartzman et al. 1992). Thus, atlowcell 
density, because the hixR mRNA is degraded^ 
the bacteria do not express bioluminescence. 
At high cell density, when the autoinducers ac- 
cumulate to the level required for detection, 
the three sensors switch from being kinases to 
being phosphatases and drain phosphate from 
LuxO via LuxU. Unphosphorylated LuxO 
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cannot induce expression of the sRNAs. This 
allows translation of liixR mRNA, production 
of LuxR, and expression of bioluminescence. 
This pathway controls many genes in addition 
to those encoding ludferase (Henke & Bassler 
2004a, Mok et aL 2003). 

The human pathogen Vibrio cholerae, the 
causative agent of the endemic diarrheal dis- 
ease cholera, possesses a quorum-sensing net- 
work similar to that of V harveyi (Aliller et aL 
2002). V, chokrae \i^s no equivalent to the AI- 
1/LuxN branch of the system. However, this 
bacterium does possess the AI-2/LuxPQ and 
CAI-l/CqsS branches as well as LuxU, LuxO, 
four Qrr sRNAsj and a V harveyi LuxR-like 
protein termed HapR. The V cholerae sys- 
tems function analogously to those of V. har- 
veyi but control virulence instead of regu- 
lating bioluminescence (Miller et al. 2002, 
Zhu et al. 2002), Surprisingly, quorum sensing 
promotes V cholerae virulence factor expres- 
sion and bioifilm formation at low cell density 
and represses these traits at high cell density 
(Hammer & Bassler 2003). Quorum sensing 
commonly controls bacterial virulence fac- 
tor expression, but typically, induction occurs 
at high cell density. This opposite regulatory 
pattern exhibited by V cholerae can be under- 
stood in terms of the specific disease that the 
bacterium causes. Following a successful V. 
cholerae infection, the ensuing diarrhea wash 
huge numbers of bacteria irom the human in- 
testine into the environment. Repression of 
virulence factor production and biofilm for- 
mation genes at high cell density may promote 
dissemination of V. cholerae. 

Upon the recent completion of the V. fis- 
cheri genome sequence, it was revealed that, 
in addition to LuxIRj homologues of two of 
xheV hm^eyi quorum-sensing circuits and the 
shared downstream components are present: 
LuxMN, LuxSPQ, LuxU, LuxO, and LuxR 
(referred to as LitR in V fischeri) (Fidopiastis 
et aL 2002, Lupp & Ruby 2004, Lupp et al. 
2003, Miyamoto et al. 2003). In V fischeri, the 
V harveyi-like quorum-sensing systems acti- 
vate expression of litR at low cell densities. 
LitR induces expression of luxR, which in turn 



promotes light production, as described above 
(Fidopiastis et at. 2002). This latter event oc- 
curs at relatively high cell densities, which 
presumably can be achieved only in the squid 
and camiot be achieved in the open ocean. 

These three vibrio quorum-sensing 
systems underscore the way in which a 
common quorum-sensii^ network can be 
modified to fit the unique biology of the 
bacteria. Whereas the two-tiered K fischeri 
circuit is adapted for two disparate lifestyles, 
inside and outside of the squid, K harveyi and 
V cholerae do not possess LuxIR homologues 
and they are not known to exist in symbiotic 
relationships. Although V harveyi and V 
cholerae share many of the same signals and 
receptors, the relative input from each signal 
is different in the two species. CqsA/CqsS is 
the dominant signaling- circuit in V chole^'ae 
whereas it is the weakest in V. harveyi (Henke 
& Bassler 2004b). These signaling variations, 
coupled witii their regulation of distinct 
downstream virulence factors, may be deter- 
mining factors that allow VI cholerae^ but not 
V, harveyi, to infect hmnans. 

In each vibrio drcuit, all signal-receptor 
pairs channel phosphate to LnxO in the ab- 
sence of a signal and remove phosphate from 
LuxO in the presence of a signal. Thus, be- 
cause all signals lead to a reduction in the 
level of LuxO-phosphate, each signal rein- 
forces the information encoded in the other 
signals. This arrangement may allow the net- 
work to function as a coincidence detector 
that significantiy activates or represses gene 
expression only when all signals are simulta- 
neously present or absent (Mok et aL 2003). 
This signaHng architecmre may be critical for 
filtering out noise from molecules in the en- 
vironment that are related to the true signals 
and/or noise from signal mimics produced by 
other bacteria in the vicinity. 

Quorum-Sensing Circuits Arranged 

in Series 

As in the vibriosj the Pseudomonas aerugi- 
nosa quorum-sensing circuit is responsive to 
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Figure 5 

The Psetidownas 
aeruginosa 
quorum-sensing 
circuits operate in 
series to control a 
large set of target 
genes. The LasI 
autoinducer is 
represented by red 
triangles and die 
RhJI autoinducer is 
shown as blue 
triangles. OM, 
outer membrane; 
IM, inner 
membrane. 



CF: cystic fibrosis 




multiple autoinducers, however, unlike tiiose 
in vibrios, the P. aeruginosa reg^jlatory sys- 
tems are arranged in series rather than in 
parallel. P. aeruginosa^ a common soil organ- 
ism, is also an opportunistic pathogen most 
notorious for its devastating effects on cys- 
tic fibrosis (CF) patients (Eberl & Tiimmier 
2004), Quorum sensing is essential for chronic 
P aerugiiiosa respiratory infection because it 
controls adhesion, biofilm formationj and vir- 
ulence factor expression, all of which al- 
low persistence in the Iting and are required 
for disease progression (Smith & Iglewski 
2003). 

The P. aeruginosa quorum-sensing net- 
work consists of two LuxIR circuitSj termed 
LasIR and RhllR (Figure 5 and Gambello 
& Iglewski 1991, Ochsner et al. 1994). 
LasI, a Litsd homoiogue, produces an AHL 
autoinducer (30C12-homoserine lactone; 
Figure 2a and Pearson et aL 1994) that 
binds to LasR, The LasR-autoinducer com- 
plex activates a variety of target genes in- 
cluding lasl^ which sets up the characteristic 



positive feedback loop that further activates 
the system (Figure 5 and Seed et al- 1995). 
The LasR-autoinducer complex also activates 
the expression of rhlR and rbll encoding an- 
other quorum-sensing circuit. Rhll produces 
the AHL C4-homoserine lactone (Figure 2a 
and Pearson et al, 1995). Following accumu- 
lation, RhlR binds the Rhll-directed signal; 
this complex activates its own set of target 
genes. Importantly^ because the LasIR sys- 
tem induces botli rhll and rhlR, induction of 
the genes under RhLER control occurs sub- 
sequent to induction of genes under LasIR 
control. 

Microarray analyses of P, aeru^nosa 
quorum-sensing-controlled gene expression 
revealed three classes of genes: genes that re- 
spond to only one autoinducer, genes that re- 
spond to either autoinducer, and genes that 
require both autoinducers simultaneously for 
activation (Plentzer et al. 2003; Schuster et aL 
2003; Wagner et al. 2003, 2004). Further- 
more, transcriptome analyses showed that 
these classes of genes are expressed at different 
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times over the growth cycle. This indicates 
that the tandem network architecture indeed 
produces a temporally ordered sequence of 
gene expression that may be critical for the 
ordering of early and late events in a success- 
ful infection (Schuster et aL 2003, Whiteley 
etaL 1999). 



Competitive Quorum-Seiising 

Cii'cuit5 

The above quormu-sensing networks rely on 
multiple signals acting synergistically. Other 
quorum-sensing networks are arranged such 
that the signals antagonize one another. For 
example. Bacillus subtilis h^s two autoinducing 
peptides functioning in a network arrange- 



OomX 



ment that allows B, suhtilis to commit to one of 
two mutually exclusive lifestyles: competence 
(the ability to take up exogenous DNA) and 
sponilation (Figure 6). GomX, a 10-amino 
acid peptide CFigure 2h and Magnuson et al. 
1994, Solomon et al. 1996) that is processed 
and secreted by CoraQ (Bacon Schneider et al. 
2002), is detected by the membrane-bound 
histidine sensor kinase ComP. ComX bind- 
ing stimulates ComP to autophosphorylate 
and transfer phosphate to the DNA-binding 
response regulator ComA (Solomon et al. 
1995). Phosphorylated ComA regulates tran- 
scription of a variety of genes encoding fac- 
tors required for competence development 
(Nakano & Zuber 1991). A second oUgopep- 
tide autoinducer, competence and sporulation 



CSF 




ffiMiC 

ComX ComA-P 




- HapC RapB 
SpoQF-P SpoOF 



If 

Sporylaitton 

Bacilhis subtilis produces two autoinducing peptides that regulate two different developmental pathways: 
oompetence and sporulation. CoinX is represented as a chain of purple ovals and CSF is shown as a chain 
of red ovals* 
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factor of B, subtilis (CSF; encoded by the 
gene pBrC), is released via the general secre- 
tory apparatus, is re-internalized tlirough the 
Opp peptide transporter, and acts in the cy- 
toplasm (Figure 2b] Figure 6; and Lazazzera 
et al. 1997, Solomon et aL 1996). At law in- 
ternal concentrations, CSF binds to a pro- 
tein named RapC and disrupts RapC bind- 
ing to ComA (Perego 1997, Solomon et al. 
1 996). RapC binding to ComA inhibits com- 
petence development because DNA binding 
by ComA is prevented* Thus, CSF bind- 
ing to RapC promotes competence devel- 
opment (Core & Perego 2003). However, 
at high concentrations, internalized CSF in- 
hibits the ComP-ComA signaling cascade 
through an unknown mechanism, decreas- 
ing competence development and favoring 
sporulation (Lazazzera et aL 1997, Solomon 
et al. 1996). CSF also directiy promotes 
sporulation by inhibiting RapB-mediated de- 
phosphorylation of a response regulator 
named SpoOF, which, in its phosphory- 
lated state, indirectly activates genes required 
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Figure 7 



Competence in Streptococcus pnmmo?iuie {red Ime) rises sharply at a specific 
growth stage (blue line), followed by a rapid decline. Optical Density 
(OD550) was \3sed to measure cell number and resistance to erythromycin 
(Ery-R) was used to assess competence. Figare courtesy of D. Morrison. 



for sporulation (Grossman 1995, Perego 
1997)- 



Quoram-Sensiaig Circuits with 
On-Off Switches 

The above quorum-sensing circuits allow bac- 
teria to transition from a set of low cell density 
behaviors to a different set of high cell den- 
sity behaviors. There are, however, quorum- 
sensing circuits that promote transient expres- 
sion of particular traits followed by reversion 
to the original set of behaviors. Such an on- 
ofF switch controls competence development 
in the Gram-{X)sitive bacterium Streptococ- 
cm pneuinoniae^ which uses an oKgopeptide 
autoinducer named competence-stimulating 
peptide (CSP) to monitor cell density (Fig- 
ure 2b), CSP is encoded by coiJtC (Havarstein 
et al. 1995, Tomasz & Hotchldss 1964). 
The transporter ComAE exports and modi- 
fies CSP (Hui et aL 1995). CSP is detected by 
the membrane-bound sensor histidine kinase 
ComD, which transfers phosphate to the cy- 
toplasmic response regulator ComE (Pestova 
et al- 1996). This circuit controls the tran- 
scription of gene subsets in a precise tempo- 
ral order. Early genes are expressed maximally 
6-7 min after CSP accumulation; late genes 
are maximally induced at 9-10 min (Peter- 
son et al. 2000). ComE directly activates tran- 
scription of early genes that include comAB 
and comCDE; this causes increased signal pro- 
duction and detection (Pestova et ah 1996). 
This positive feedback loop results in a dra- 
matic, population-wide spike in competence 
when the bacteria reach the critical cell den- 
sity (Figure 7). ComE also activates tran- 
scription of comX, a gene encoding an alter- 
nate sigma factor (Lee & Morrison 1999), 
and comW^ which is required for transcription 
of late genes encoding proteins essential for 
DNA uptake (Luo et al. 2004). 

A novel feamre of S. pneumoniae quorum- 
sensing circuit is the rapidity with which 
the process of competence development ini- 
tiates and terminates (Figure 7 and Tomasz 
& Hotchldss 1964). hnportantiy, competent 
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S. pneumoniae cells are more prone to autolysis 
than are noncompetent cells (Dagkessaraan- 
skaia etai. 2004, Morrison &: Baker 1979, Seto 
& Tbmasz 1975, Steinmoen etaL 2003). Thus, 
the benefit gained firom acquiring DNA that 
can be used as a repository of new genes is 
maximized by efficiently activating and ter- 
minating the process to minimize iethaliiy by 
autolysis. The events leading to termination 
have not been defined. It is known that ComX 
rapidly disappears when competence is termi- 
nated, which suggests that regulated proteol- 
ysis occurs (Luo et al, 2004). 

Quoi-iim-Sensing Systems 
Responsive to Host Cues 

Agrohacterium tmmfadms induces crown gall 
tumors in plants through transfer and inte- 
gration of a tumor-inducing (Tt) plasmid into 
plant cells (2hu et al. 2000). The tumors pro- 
duce molecules termed opines, which the bac- 
teria use as nutrients (Dessaux et aL 1992). 
The quorum-sensing circuit of^. tumefaciens 
is especially interesting because it is only ac- 
tivated at the host-bacterial interface owing 
to a requirement for both plant- and bacteria- 
produced signals. Mobilization of the TI plas- 
mid is responsive to proximity to the plant 
because it requires detection of opines by a 
cytoplasmic receptor termed AccR or OccR 
(Beck von Bodman et aL 1992, Fuqua & 
Winans 1994). AccR/OccR-opine binding in- 
duces expression of the Vfiscberi-Uke luxRho- 
moiogue, traR (Fuqua & Winans 1994). TraR 
responds to an AHL autoinducer produced by 
the Vfiscberi Luxl-type enzjmie, Tral (Hwang 
et aL 1994, Zhang et aL 1993). Hence, bacte- 
rial number controls TI transfer because TraR 
bound to its autoinducer induces TE plas- 
mid replication and bacterial-bacterial conju- 
gation, which lead to increased infectivity of 
the population (Zliu & Winans 1999), Anti- 
TiraR activators exist that limit TraR activ- 
ity and thus presumably optimize the ratio of 
bacteria-bacteria to bacterial-plant TI trans- 
fer (Chai et aL 200 1 , Fuqua et aL 1995, Hwang 
et al. 1995). 



GLOBAL CONTROL: 
QUORUM-SENSING REGULONS 

The advent of genomic profiKng has shown 
that quorum sensing, in many bacteria, con- 
trols gene expression in a global manner. 
TU^o transcription profiling studies identi- 
fied over 150 competence-regulated genes 
in 5. pneumoniae that were categorized as 
early, late, delayed-induction, and repressed 
(Dagkessamanskaia et aL 2004, Peterson et aL 
2004). As previously mentioned, early genes 
are required for signal production, export, 
and detection whereas some late genes are 
necessary for DNA internalization. Many of 
the delayed genes are involved in bacte- 
rial stress responses (Dagkessamanskaia et al. 
2004, Peterson et aL 2004), Gene-disruption 
experiments analyzing 124 quorum-sensing- 
controlled genes found that only 23 are re- 
quired for competence (Peterson et al. 2004). 
Quorum-sensing mutants of 5. pneumoniae 
and related streptococci show defects in mul- 
tiple pathways, including biofilm formation^ 
acid tolerance, bacteriocin production, and 
virulence (reviewed in Suntharalingam & 
Cvitkovitch 2005). Together, these results 
suggest that quorum sensing in streptococ- 
cus controls the initiation of a global devel- 
opmental program in which competence de- 
velopment represents only one aspect. 

Further evidence that quorum sensing co- 
ordinates the control of a large subset of 
genes comes from transcriptome analyses oiP. 
aeruginosa that identify 616 genes as part of the 
regulon. In one study, addition of autoinduc- 
ers repressed 222 genes (Wagner et aL 2003). 
A concurrent smdy identified 315 quorum- 
sensing-controUed targets, of which only 3 8 
were repressed (Schuster et al. 2003). Al- 
though the two experiments were performed 
under different growth and autoinducer con- 
ditions, the reasons for the discrepancies re- 
main unclear. Importantiy, prior to these 
profiling analyses, quorum-sensing-repressed 
targets had not been identified in R aerugi- 
nosa. Similarly, transcriptional analysis of K 
chokrue quorum-sensing mutants shows that 
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SAH: S-adenosyl- 
horaocysteme 

DPD: 

4,5 -dihydroxy-2 , 3 - 
pentonedione, a 
molecule generated 
by LnxS 



the entire virulence regulon (:>70 genes) is re- 
pressed by qnonim sensing {2hxi et al. 2002), 
These recent whole-genome quorum- 
sensing studies highlight two important ideas. 
First, quonim sensing allows bacteria to al- 
ternate between distinct genome-wide pro- 
grams. These findings, along with an en- 
hanced appreciation of the complexity of 
the quorum-sensing netw^ork architectures, 
have hindamentally changed the perception 
of bacteria as primitive single-celled organ- 
isms. Bacteria now are understood to undergo 
complex programs of development similar in 
many respects to eukaryotic organisms. Sec- 
ond, large groups of genes are repressed by 
quorum sensing. This finding challenges the 
notion thzt the primary fimction of quonim 
sensing is to initiate activities that are only 
beneficial to bacterial participation in group 
activities. Rather^ an equally important func- 
tion of quorum sensing may be to terminate 
processes that are only beneficial to bacteria 
living in relative isolation outside of a com- 
munity structure. 

INrrERSPECIES 
COMMUNICATION AMONG 

BACTERIA 

Beyond controlling gene expression on a 
global scale, quorum sensing allows bacteria 
to communicate within and between species. 
This notion arose with the discovery and study 
of the autoinducer AI-2, which is one of sev- 
eral signals used by V barueyi in quorum sens- 
ing (Figure 2d and Figure 4). Specifically, 
hixS encoding the AI-2 synthase is present 
in roughly half of ail sequenced bacterial 
genomes, AI-2 production has been verified 
in a large number of these species^ and AJ-2 
controls gene expression in a variety of bac- 
teria. Together, these findings have led to the 
hypothesis that bacteria use AI-2 to commu- 
nicate between species (reviewed in Xavier & 
Bassler 2003). 

LuxS fianctions in the patliway for 
metabolism of SAM, the major cellular 
methyl donor. Transfer of die methyl 



moiety to various substrates produces the 
toxic byproduct 5-adenosylhomocysteine 
(SAH) (Schauder et ai. 2001). In non-LuxS*- 
containing bacteria and eukaryotes, the 
en2yme SAH hydrolase metabolizes SAH 
to adenosine and homocysteine. However, 
in bacteria containing LuxS, two enzymes, 
Pfs and LuxSj act sequentially to convert 
SAH to adenine, homocysteine, and the 
signaling molecule DPD {Figure 8 and 
Schauder et aL 2001). DPD is a highly 
reactive product that can rearrange and 
undergo additional reactions, which suggests 
that distinct but related molecules derived 
fi-om DPD may be the signals that different 
bacterial species recognize as AI-2. Two 
distinct DPD-detived signals were identified 
in V harveyt and Sabnondla typhimuriwn 
by trapping the active molecules in their 
respective receptors (LuxP for V, harveyt and 
LsrB for 5. iypbimurium), crystalHzing the 
complexes, and solving their structures (Chen 
et aL 2002, Miler et al. 2004, Taga et aL 
2001). In Kharveyi, AI-2 is (25',4S)-2'methyl- 
2 , 3 ,3 j4-tetrahydroxytetrahydrofaran-borate 
(S-THMF borate); in 5. typbi?nunum, AI-2 
is (2i2,4S)-2-methyl-2 ,3,3 ,4-tetrahydroxyte- 
trahydrofiar^n {i?-THMF) (Figure 2d and 
Figure 8), Straightfoi*ward chemistry links 
these two molecules, as DPD can cyclize 
with two equally feasible stereochemistries- 
Following hydration and borate addition, 
the upper cyclization pathway in Figure 8 
yields the V, harveyi AI-2 and the lower 
cyclization and hydration pathway yields the 
S. typhiinurium. 

Identification of boron in V harveyi AI-2 
is surprising^ as few biological roles for boron 
are known. However, boron is present in high 
concentrations (~0-4 mM) in the marine en- 
viromuent, which makes it a reasonable el- 
ement in the V. hm-oeyi AI-2 signal (Bowen 
1966). Significantly lower boron concentra- 
tion is found in terrestrial environments. This 
makes boron an unlikely component of the S, 
iyphimuriwnAl-2 signal (Fresenius 1988). Im- 
portantly, all of the chemical species shown 
in Figure 8 exist in equilibrimn and rapidly 
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Figure 8 



AI-2 is a family of inter converting molecules derived from DPD. Vibrio harvtyi AI-Z is 5-TKUVlF'-borate 
and Sabmnella typhimtttium AI-2 is fi-THMF. JFigure from Miller et al. 2004. 



interconvert. Moreover, the concentratioris 
of each molecule can be altered by manip- 
ulating the boron concentration. For exam- 
ple, addition of boron to DPD preparations 
promotes formation of the V barveyi AI-2 
molecule at the expense of the S, typhinmrium 
signal. This shift is biologically relevant be- 
cause DPD supplemented with boron causes 
V. harveyi to produce maxima! bioliainines- 
cence whereas the same mixture inhibits the 
AI-2 response from S. typhimiirium. Con- 
versely, DPD preparations depleted for boron 
promote formation of the S. typhimurium sig- 
nal with the concomitant loss of the V harveyi 
AI-2. Again^ this chemistry is borne out in the 
effect on AI-2-responsive gene expression in 
the two bacterial species (Miller et al. 2004). 

These initial Al-2 investigations show 
that bacteria employ a conserved biosynthetic 
pathway to synthesize chemical signal inter- 
mediates whose fates are ultimately defined by 
the chemistry of the particular environment. 
Other DPD derivatives may exist and be bi- 
ologically active. Additionally^ some bacteria 
may possess two or more AI-2 receptors for 
recognition of different derivatives of DPD 
and alter particular behaviors in response to 
the information conveyed by each signal. Be- 
cause only one enzyme (LuxS) is required to 
synthesize this family of interconverting sig- 



nal molecules, this pathway may represent an 
especially economical method for evolving a 
complex bacterial lexicon. 

QUORUM QUENCHING 

The fundamental role of quorum sensing ap- 
pears to be global control of the physiology 
of bacterial populations. This control is often 
exerted at the interface of different bacterial 
populations or at the bacterial-host margin. In 
niches in which bacterial populations compete 
for limited resources, the ability to disrupt 
quorum sensing may give one bacterial species 
an advantage over another that relies on quo- 
rum sensing. Likewise, a host's ability to in- 
terfere with bacterial cell-cell communication 
may be crucial in preventing colonization by 
pathogenic bacteria that use quorum sensing 
to coordinate virulence . Thus, it is not surpris- 
ing that mechanisms have evolved to interfere 
with bacterial cell-cell communication in pro- 
cesses termed quorum quenching. Analogous 
mechanisms presumably exist for promoting 
quorum-sensing-controUed behaviors when 
sudi behaviors provide benefits to organisms 
cohabitating with quorum-sensing bacteria. 
These latter processes are not yet well defined, 
so we will focus our discussion primarily on 
mechanisms of quorum quenching. 
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Prokaryote-to-Prokarj-^ote Quorum 
Quenching 

As mentioned, cross-inhibition of AIP- 
mediated signaling in S. aureus represents a 
clear example of a quoruro-quenching mecha- 
nism because each of the four AIPs specifically 
inhibits quorum sensing in competing 5". an- 
reus groups while not disrupting growth and 
other cellular functions (Lyon et al. 2002a). 
'Ni'Siiiy Bacillus species secrete an enzyme, AiiA> 
that cleaves the lactone rings from the acyl 
moieties of AHLs and renders the AHLs 
inactive in signal transduction (Dong et al. 

2000) . AiiA is extremely nonspecific with 
regard to the AHL acyl side chain, which 
suggests that this strategy interferes generi- 
callywith AHL-mediated communication be- 
tween gram-negative bacteria (Dong et aL 

2001) . Significantly, as previously mentioned, 
Bacillus relies on oligopeptide-mediated quo- 
rum sensing. Therefore, this tactic, while dis- 
rupting gram-negative bacterial communica- 
tion^ leaves Bacillus cell-cell communication 
unperturbed- 

The soil bacterium Variovorax para- 
doxus uses a different generalized anti- 
AHL quonim-quenching tactic (Leadbetter 
& Greenberg 2000). Like Bacillus, V para- 
doxus also degrades AHLs. However, in this 
ca.-^e^ AHL destruction occurs via an acylase- 
raediated lactone ring opening. V. paradoxus 
uses the linearized product of the reaction as 
a source of carbon and nitrogen. This strat- 
egy provides V paradoxm with a double bene- 
fit: It terminates competitors' group behaviors 
and simultaneously increases its own growth 
potential (Leadbetter & Greenberg 2000). 
Particular Rahtonia isolates contain an AHL 
acylase encoded hyaiiD, which suggests a sim- 
ilar anti-quorum-sensing mechanism to that 
of K paradoxus (Lin et aL 2003). The Ral^ 
stonia quorum-sensing system is immune be- 
cause the Ralsto??ia autoinducer, 30H-PAME 
(Flavier et al. 1997), is not affected by AiiD 
activity (described in the sidebar). 

In some cases, bacteria may degrade their 
own autoinducers, which presumably termi- 



nates quorum-sensing activities. For exam- 
ple, in stationary phase, A. tumefacie?is pro- 
duces the AttM AHL kctonase, which can 
degrade the A. tumefadem autoinducer 
(Zhang et aL 20D2a). It is hypothesized that 
it is disadvantageous for A. tumefadens to 
continue to participate in group activities at 
this late growth stage and that AttM halts 
these processes. Erwinia carotovora and Xan- 
thomonas campestris shov^ a similar loss of AHL 
in stationary phase growth, which suggests 
an autoinducer degradative activity (Barber 
et aL 1997, Hoiden et al. 1998). R aerugi- 
Tiosa degrades long, but not short, chain AHLs 
through an AiiD-type acylase named PvdQ 
(Huang et aL 2003). In tliis case, the Rhll 
autoinducer, C4-homoserine lactone, is im- 
muncj and the LasI autoinducer, 30C12- 
homoserine lactone, can be destroyed, In- 
terestingl)^, pvdQ is a member of the LasIR 
regulon and it is thus under 30C12- 
homoserine control (Huang et al. 2003, 
Whiteley et aL 1999). 

Some enteric bacteria, including S. ty- 
phimurium and Escherichia coli^ import Al- 
2 with an AI-2 -specific transporter (Surette 
et al, 1999; Taga et al 2001, 2003; Xavier & 
Bassler 2005). Once AI-2 is in the cytoplasm, 
a series of enzymatic reactions inactivates its 
signaling activity. This process reduces ex- 
tracellular AI-2 concentrations to levels in- 
dicative of low cell density and— because AI- 
2 is used for interspecies communication- 
indicative of monospecies environments. 
AI-2 internalization is suspected to be an- 
other mechanism for interference with chem- 
ical communication among bacteria. Because 
E. coli and S. typbi?mirium also produce AI-2 
and respond to this signal (Taga et al. 2001, 
2003), it is not clear how these bacteria regu- 
late AI-2 import while protecting the fidelity 
of their own AI-2 signaling cascades. 

Eulcaryote-to-Prokaryote Quorum 
Quenching 

Several eukarjratic mechanisms that counter- 
act bacterial quorum sensing have recentiy 
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been discovered. The Australian red macro- 
agla Delisea pukhra coats its surface with a 
mixture of halogenared furanones that bear 
structural similarity to AHLs (Givskov et aL 
1996). The furanones are internalized by bac- 
teria, bind to LuxR^type proteins, and cause 
the degradation of these proteins (Manefield 
et aL 2002). This strategy prevents bacte- 
rial colonization of the algal surface by in- 
hibiting quorum-sensing-controlled biofilm 
formation- 

The legume Medicago truncatiila controls 
over 150 proteins in response to AHLs pro- 
duced by two model quorum-sensing bacte- 
ria; Sinorhizobium melihti and P. aeruginosa 
(Mathesiiis et al. 2003). The plant secretes 
compounds in response to AHLs. These fac- 
tors inhibit AI-2 signaling and stimulate AHL 
signaling in quorum-sensing reporter strains. 
The plant presumably encourages signaling 
between AHL-producing bacteria but not AI- 
2 -producing bacteria because only the former 
are beneficial to die plant. Similarly, Pimm 
sativum (pea) produces AHL mimics that 
both positively and negatively affect AHL- 
regulated behaviors in a number of bacterial 
reporter sttafns (Teplitski et al. 2000). 

Reactive oxygen and nitrogen mtennedi- 
ates generated by NADPH oxidase inacti- 
vate the 5. aureus autoinducing peptide in a 
mouse air pouch skin model (Rothfork et aL 
2004). These findings indicate a novel role for 
NADPH oxidase, an important component of 
innate immunity, in protection from bacterial 
infections- Consistent with this, mice defi- 
cient in NADPH oxidase have reduced resis- 
tance to infection by iS". aureus^ whereas infec- 
tion from quorum- sensing mutant S. aureus 
remains unaffected by the loss of NAPH oxi- 
dase (Rothfork et aL 2004). This latter result 
suggests that reactive oxygen species influence 
infectivity only through quorum quenching. 
The authors of this study speculate that ox- 
idation of other kinds of quorum-sensing 
molecules by NADPH oxidase is likely 
(Rodifork et al. 2004). 

Human cells also have quorum-quenching 
activity. Analysis of primary and immortal- 



ized human epithelial cell hnes show spe- 
cific inactivation of the aeru^nosa 30C12- 
homoserine lactone autoinducer (the product 
of LasI) but not of the C4-homoserine lac- 
tone autoinducer (the product of Rhll) (Chun 
et aL 2004). Although presently uncharacter- 
ized, the quenching activity is membrane as- 
sociated and heat liable^ which suggests that it 
is a protein. This activity is intriguing in terms 
of the development of anti-P aem^nosa ther- 
apies for treatment of CF. 

Biotecimological Applications of 
Quorum Quenching- 

Naturally occurring quorum-quenching pro- 
cesses ai*e being tested as novel antimicrobial 
therapies. Overexpression of aOA in tobacco 

and potato plants confers resistance to E. caro- 
tovora^ which requires AHL-controlled viru- 
lence &ctor expression to cause disease (Dong 
et aL 2001). Likewise, coculture of Badllm 
thuringhnsis decreased E. carotovora-\n.^dl2X&di 
plant disease in an -dependent manner 
(Dong et aL 2004). Mice treated with syn- 
thetic antagonists of S. aureus KS? show resis- 
tance to infection (Mayville et al. 1999). Sim- 
ilarly, purified halogenated furanones appear 
to attenuate virulence of bacteria in mouse 
models (Hentzer et al. 2003, Wu et aL 2004). 
These and other examples predict that in-- 
hibition of quorum sensing offers an attrac- 
tive alternative to traditional antibiotics be- 
cause these strategies are not bactericidal and 
the occurrence of bacterial resistance there- 
fore could be reduced. Likewise, approaches 
aimed at promoting beneficial quorum- 
sensing associations may enhance industrial- 
scale production of natural or engineered 
bacterial products- 

EVOLUTION AND 
MAINTENANCE OF QUORUM 
SENSING IN BACTERIA 

Quorum sensing presumably provides bacte- 
ria benefits from group activities that may be 
unattainable to an individual bacterium acting 



W2viD.anmtaireviinos.org • Cell-to-Celi CottiJfiitnkatioi? m Bncteiia 



alone. For example, the benefit derived from 
secretion of antibiotics or proteases may only 
occur when these exoproducts exceed a partic- 
ular extracellular concentration, and achiev- 
ing this concentration is only possible through 
the synchronous activity of a group of cells. 
The idea that bacteria cooperate has led to 
new questions regarding the evolution of cell- 
cell communication in bacteria, the cost bac- 
teria pay for communicating, how fidelity is 
maintained in quorum-sensing systems, how 
cheating is controlled, and if and how "eaves- 
dropping" occurs. 

Although these evolutionary questions are 
new in the context of the molecular mecha- 
nisms underlying quorum-sensing-controlled 
behaviors^ there exists an extensive litera- 
ture dealing with these topics in other so- 
cial organisms (Bourke 2001, Bradley 1999, 
Korb & Heinze 2004). For example, some 
social insects (e.g., ants and bees) have ster- 
ile worker castes diat promote colony fimess 
even though the workers have no chance at 
reproduction (Queller & Strassmann 2002). 
The predominant explanation for these be- 
haviors rests on Hamilton's kin-selection the- 
ory that predicts that even without directly 
contributing to reproduction, organisms be- 
longing to a multimember group promote the 
inheritance of their own genes by increasing 
the fimess of closely related kin (Hamilton 
1964a,b). A key component of kin selection 
is the ability to recognize another individ- 
ual as kin. The ability to distinguish between 
and communicate with specific chemical sig- 
nal molecules may enable a type of '*kin selec- 
tion" in bacteria. Consistent with this, many 
higher social organisms rely heavily on cliem- 
ical signaling to maintain the integrity of the 
social order (Breed et al. 2004, Holldobler 
1995, Queller & Strassmann 2002), 

Cases of sacrifice of the individual for 
the group benefit also exist in microorgan- 
isms. For example, both the soil-dwelling 
bacterium Myxococcus xantbus and the slime 
mold Dictyostelium discoidium, in the absence 
of nutrients, produce resistant spores that 
survive nonvegetatively for long periods and 



can be dispersed to new environments (Dao 
et aL 2000, Strassmann et ah 2000). Spore 
development requires a large percentage of 
the population to tindergo a lethal differen- 
tiation event tliat leads to structures whose 
function is to promote spore generation and 
dispersal. Chemical communication is re- 
quired for these developmental events in botii 
D. discoidiurn and M. xanthiis: cAMP and 
Differentiation-Inducing Factor initiates de- 
velopment of fruiting bodies in D, discoMium 
(Konijn et aL 1969, Town & Stanford 1979, 
Town et al. 1976), whereas quorum-sensing 
communication controls the process in M. 
xanthm (Shimkets 1999). 

Tvo examples exist to date that illustrate a 
selection for maintenance of quorum sensing. 
In V fischeriy mutants incapable of luciferase 
production are outcompeted by the wild-type 
bacteria in the squid host. This indicates that 
the squid may possess a pohcing mechanism 
to eliminate cheater cells. Interestingly, the 
defect in these mutants was in luciferase it- 
self, which suggests that the squid somehow 
distinguishes between cells that can and can- 
not contribute to light production (\^sick 
et al- 2000). A. mmefiidem-mdxiced plant tu- 
mors contain a large percentage of plasmid- 
free bacterial cells (Belanger et aL 1995), 
These cells have a faster growth rate and may 
therefore more efficiently grow on the opine 
nutrients produced in the plant tumors. How- 
ever, plasmid-iree bacteria are unable to ini- 
tiate new tumor formation. Interestingly, as 
bacterial density increases and nutrients be- 
come limiting, increased bacterial-bacterial 
conjugation occurs and the TI plasmid 
is replicated to a higher copy number. Both 
of these events require quorum sensing and 
ensure that most of the bacteria acquire 
copies of the plasmid before they dissemi- 
nate to a new location. This elegant strat- 
egy optimizes gro\vth inside the tumor while 
maintaining the population's virulence and at 
least partially explains why quorum sensing is 
maintained. 

Mechanisms for eavesdropping appar- 
ently also exist in quorum-sensing systems. 
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J? aerugimsa does not have /zaafiS and therefore 
does not produce AI-2. However, R aerug- 
inosa detects AI-2 produced by the indige- 
nous nonpathogenic microflora present in CF 
spnttun samples (Dnan et aL 2003). In the 
CF lung, P. aeruginosa exists in a complex 
iriicrobial community composed of a variety 
of pathogenic and nonpathog-enic bacteria. 
The detection of AI-2 may alert P. aerugi- 
nosa that P, aeruginosa is in the lung and that 
a program of gene expression that enhances 
persistence/virulence in the host is required. 
Consistent with this idea, CF sputum con- 
tains high concentrations of AI-2 and AI-2 
induces P. aeruginosa virulence factor expres- 
sion {Dnan et al. 2003), In another exam- 
ple, Salmonella enterica, which has a V fischeri- 
type LuxR-type protein (SdiA) but no Lnxl- 
type enzyme^ intercepts AHLs produced by 
other Luxl-containing gram-negative bacte- 
ria. In response to these signals, S, enterica ex- 
presses the rck operon and other genes that 
protect S. enterica from host defenses in the 
intestine (Ahmer et al. 1998). This result is 
interpreted to mean that the AHL signals sig- 
nify that S. enterica is in a dense population 
of bacteria J which can presumably be attained 
only inside a host. 

The ecological and evolutionary impli- 
cations of quorum sensing in bacteria are 
only beginning to be addressed (Travisano & 
Velicer 2004), Howeverj continued stady of 
such questions hopefully will provide insight 
into the evolution and maintenance of group 
dynamics and behavior, 

RHOMBOID; A SHARED 
PROKARYOTIC AND 
EUKARYOTIC CHEMICAL 
COMMUNICATION 
MECHANIS2VI 

New data suggest that some bacterial and eu- 
Icaryotic signaling mechanisms have a com- 
mon evolutionary origin. The inner mem- 
brane protein AarA of Providenda stuartii is 
required for the release of an extracellular 
quorum-sensing signal whose structure has 



not been defined (Rather et al, 1 999), AarA has 
homology to the Drosophila melanogaster RHO 
(GalUo et al. 2002), which is a serine protease 
required forintramembrane cleavage, release^ 
and activation of Epidermal Growth Factor 
receptor ligands (Klambt 2000, 2002). RHO 
is essential for many developmental processes 
in D. melanogaster, including proper wing vein 
development and organization of the fly eye 
(Schweitzer & Shilo 1997). Consistent with 
the idea that AarA and RHO have a com- 
mon signaling function, expression of P. stu- 
artii oarA in a D. mdtmogaster rho mutant 
rescued wing vein development- Likewise, 
expression of rho in a P. stuardi aarA mutant 
complemented the quorum-sensing signaling 
defect (GalHo et aL 2002), Homologues of 
RHO/AarA are nearly ubiquitous in all three 
kingdoms of life: bacteria, archea, and eu- 
karyotes OKloonin et aL 2003). Five of eight 
tested bacterial Aar/RHO orthologues specif- 
ically cleaved RHO substrates, which sug- 
gests a widespread conservation of the mech- 
anism of RHO with its bacterial homologues 
(Urban et al. 2002). These fascinating re- 
sults show that bacteria and higher eukary- 
otes share a common cell-ceH communication 
systejn; however, it has not been determined 
if any cross-kingdom communication can be 
mediated by RHO or its homologues. 

A recent bioinformatics smdy suggests 
that the RHO/AarA finding is not an 
anomaly but rather that many signaling 
mechanisms may be shared by prokaryotes 
and eukaryotes. Enzymes involved in the 
production of cell -cell signaling molecules in 
vertebrates have homologues in bacteria 
but are absent from plants and archea (Iyer 
et aL 2004). A few of numerous examples 
are the enzymes phenylethanolamine N- 
methyJtransferase (which catalyzes die con- 
version of norepinephrine to epinephrine), 
histidine decarboxylase (which catalyzes 
histidine to histamine), and glutamate de- 
carboxylase (which catalyzes glutamate to 
y -aminobutyric acid). It is hypothesized that 
eukaryotes acquired these genes from bacteria 
through a series of horizontal gene transfer 
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events (Iyer et aL 2004). These findings 
suggest that bacteria and eukaryotes share 
enzymes responsible for many cell-cell sig- 
naling pathways. This points to the exciting 
possibility that prokaryotic-to-eukaiyotic 
cross-kingdom commionication may be more 
prevalent than is currently appreciated. 

CONCLUSIONS 

It is now clear that cell-cell communication is 
the norm in the bacterial world and that un- 
derstanding this process is fundamental to all 
of microbiology, including industrial and clin- 
ical microbiology. Our knowledge of quorum 
sensing may ultimately affect our understand- 
ing of higher-organism development. Quo- 
rum sensing was, until recently, considered to 
promote exclusively intraspecies communica* 
tion and thus enable clonal populations of bac- 
teria to count their cell numbers and alter gene 
expression in unison. While some autoinduc- 
ers indeed appear to be extremely species- 
specific, new research shows that others are 
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either genus-specific or promote intergenera 
conmiunication. Further, hints thatinterking- 
dom communication occurs are becoming in- 
creasingly prevalent. Coincident with these 
findings are the beginnings of an understand- 
ing that prokaryotic and eukaryotic mecha- 
nisms that enhance and interfere with bac- 
terial chemical communication also exist in 
nature. Bacterial quorum-sensing signal de- 
tection and relay apparatuses are complex and 
often consist of multiple circuits organized 
in a variety of configurations. Because bacte- 
ria routinely exist in fluctuating environments 
containing complex mixtures of chemicals, 
some of which are signals and some of which 
presumably do not convey meaningful infor- 
mation, we hypothesize that each quormn- 
sensing network organization evolved to solve 
the particular set of communication needs a 
particular species of bacteria encounters. Ele- 
ments of these elegant solutions for decipher- 
ing complex chemical vocabularies appear to 
be conserved and used for analogous purposes 
in eukaryotes. 
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